This paper proposes an optimal current distribution method of dual-rotor brushless DC machines (DR-BLDCMs) which have inner and outer surface-mounted permanent-magnet rotors. The DR-BLDCM has high power density and high torque density compare to the conventional single rotor BLDCM. To drive the DR-BLDCM, dual 3-phase PWM inverters are required to excite the currents of a dual stator of the DR-BLDCM and an optimal current distribution algorithm is also needed to enhance the system efficiency. In this paper, the copper loss and the switching loss of a DR-BLDCM drive system are analyzed according to the motor parameters and the switching frequency. Moreover, the optimal current distribution method is proposed to minimize the total electrical loss. The validity of the proposed method was verified through several experiments.
I. INTRODUCTION
Dual-rotor electric machines have been studied in many literatures to obtain high torque density and high efficiency [1] - [5] . Especially, the high torque density is the essential characteristic of the in-wheel motor because the poor hill climbing ability is the major disadvantage of electric vehicles (EVs) and E-scooters [6] - [9] . In this paper, a dual-rotor brushless DC machine (DR-BLDCM) is implemented to the in-wheel motor of the E-scooter. Fig. 1 shows the structure of the DR-BLDCM. The DR-BLDCM is constructed with two concentric machines which have inner and outer surface-mounted permanent-magnet rotors and the dual-stator is located between the outer and the inner rotors.
To control the DR-BLDCM, appropriate currents must be excited to each stator. In this paper, an optimal current distribution method of the DR-BLDCM is proposed. Considering the torque-constant ratio and the stator-resistance ratio of the inner and outer motors, the currents for each stator are optimally distributed according to the torque command for the minimum electrical loss. The validity of the proposed method is verified through loss analysis and the several experiments. 
II. CURRENT DISTRIBUTION METHOD FOR MINIMUM COPPER LOSS
The total torque command of the DR-BLDCM can be transformed to phase current command because the phase current is proportional to the torque as shown in (1) for the same torque. Therefore, the optimal current distribution method has to be derived to minimize the copper loss while driving the DR-BLDCM, by considering the torque constant and the stator resistance.
The torque constant ratio and the phase resistor ratio can be defined as (3) and (4). To obtain the same torque with the single mode operation while driving the dual mode operation, the current reference must be distributed as (5) .
From (5), the outer current can be expressed as (6) .
While driving the DR-BLDCM in the 120° conduction mode, the total copper loss can be expressed as (7) .
From (6) and (7), the copper loss of the dual-rotor operation can be expressed as (8) . Therefore, the optimal phase current of the inner motor for the minimum copper loss is (9) , and the minimum copper loss at this current is (10).
From (6) and (9), the current reference of the outer motor can be obtained as (11). Fig. 3(a) shows the copper losses of a specific DR-BLDCM in various torque commands if the resistance of the inner stator is the same with the resistance of the outer stator and α is 4. If the inner motor current is distributed as (9), the copper loss can be minimized at the same torque as shown in Fig. 3(a) . Fig.  3(b) shows the minimum copper loss curves of specific DR-BLDCMs which have β=1.5, β=1 and β=4, respectively. According to these curves, if β is larger, more current must be injected at the inner motor to minimize the cooper loss.
III. ESTIMATION OF OPTIMAL MODE CHANGE POINT

A. Switching Loss Analysis
The switching losses must be considered to determine whether to drive the DR-BLDCM with the single mode operation or dual mode operation. The switching loss of MOSFETs is caused by the overlap of the drain-to-source voltage and drain current. Fig. 4 (a) and (b) show the turn-on and turn-off waveform of MOSFETs. According to Fig. 4 , the turn-on and turn-off loss of MOSFETs can be expressed as (12) and (13) From (12) and (13), the switching loss of the single mode operation and the dual mode operation can be expressed as (14) and (15) The switching loss of the dual mode operation is larger than the single mode operation because the total current of the dual mode which is proportional to the switching loss is larger than of the single mode operation as shown in (16). 
B. Optimal Mode Change Point
For the high efficiency operation of the DR-BLDCM in the various torque commands, the optimal mode change point must be estimated. The mode change point can be determined by comparing the total loss of the single-mode operation and the dual-mode operation as (17) Fig. 5 shows the comparison of total electrical losses of the single and the dual mode operation when α is 4. If the current reference which is the output of the speed controller is lower than the optimal mode change point, the total electrical loss of the dual mode is lower than the single mode operation. Fig. 6 shows the block diagram of the proposed current distribution method for the DR-BLDCM. The output of the speed controller is the current reference i* that determines whether to drive DR-BLDCM with the single mode or dual mode, according to (17) and (18). In the dual mode operation, the current reference of the inner and the outer motors can be distributed as (9) and (11). 
IV. EXPERIMENTAL RESULTS
The specifications of the implemented DR-BLDCM are listed in Table I . Fig. 7 shows the experimental equipment and the back-EMF waveforms of the DR-BLDCM. As shown in the Table I and Fig. 7(b) , the torque constant of the outer motor is quadruple of the inner motor. The entire drive system is controlled by a digital signal processor (DSP), TMS320C28346, and the sampling period of the current regulator is 100 μs. The motor speed is 360 rpm. The electrical power loss is calculated by measuring the input and output power of the PWM inverter and the output power of the DR-BLDCM with the power analyzer and the dynamometer. Fig. 8 shows the copper losses of the DR-BLDCM according to the current reference of the inner motor at various load conditions. The outer motor is controlled with a speed controller to maintain 360 rpm and increases the current reference of the inner motor to see the change of the current reference of the outer motor. Then the current reference of the outer motor is adjusted automatically to maintain 360 rpm. The minimum copper loss points are coincided with the minimum copper loss curve which is obtained from (9) and (10) . Fig. 9 illustrates the phase currents of the single mode and the dual mode at the 360[rpm] and 10[Nm] load. The copper losses of single mode and the dual mode can be calculated as 93.2 W and 79.16 W, respectively. Thus 14.04 W of the copper loss is decreased by using the proposed current distribution method. Fig. 10 shows the comparison of the copper loss of the single mode and the dual mode with the proposed optimal current distribution method. As the load torque is increasing, the copper loss of the dual mode becomes lower than the single mode operation. Fig. 11 shows the switching losses of the single and the dual mode operation. The switching frequency is 10 kHz and the DC link voltage is 72 V. The switching loss of the dual mode is larger than the single mode operation in the entire operating range which is expressed in (16). 12 shows the comparison of the total electrical losses of the single and dual mode operation at the various load torque. At the light load less than 3.3 Nm, the total electrical loss of the single mode is less than the dual mode operation. Thus, the single mode operation is suitable for this operating area. However, the difference of the total electrical losses between two modes is very small in this area, because the copper loss is dominant factor of the total electrical loss in low DC link voltage applications. In contrast, the total electrical loss of the dual mode is lower than the single mode if the load torque is higher than 3.3 Nm. 
V. CONCLUSIONS
This paper proposed the optimal current distribution method of the DR-BLDCM for the minimum electrical loss. By considering the torque constant and stator resistance of the inner and the outer motors, the optimal current ratio was derived to minimize the copper loss. Moreover, the switching loss of the DR-BLDCM was analyzed to obtain the optimal mode change point for the electrical loss minimization. The proposed method can be easily applicable at the various operating condition by using the simple equation. The validity of the proposed current distribution method was verified through several experiments.
